Residual stress and its gradient through the thickness are among the most important properties of as-deposited films. Recently, a new mechanism based on a revised Thomas-Fermi-Dirac (TFD) model was proposed for the origin of intrinsic stress in solid films, giving the first order approximation of the stress gradient. The electron density at the boundary of the atoms (EDBA) defined by TFD model is taken as a dominating parameter inducing the stress. This paper applies the TFD model to multi-layer case, which is a typical structure in MEMS devices. The theoretical calculations suggest possibilities to control and reduce the residual stress.
Introduction
Microelectromechanical Systems (MEMS) are among the most significant technological advances of this decade. Thin films are good candidates for fabrication of MEMS devices compatible with microelectronics technology. However, the process generally produces as-deposited films with high residual stress and residual stress gradient through the thickness, which can be detrimental to devices' performance. In order to obtain reliable thin films, residual stress and its gradient distribution must be measured and controlled.
Generally, residual stress in thin films is measured using wafer curvature method, in which the Stoney formula [1] serves as a cornerstone. The relationship between residual stress σ f and wafer curvature κ is
(1) y where Μ s and h s are the biaxial elastic modulus and the thickness of the substrate, and h f is the thickness of the film. The formula does not presume any distribution of the film stress through the thickness, conflicting with the curving deformation of released structures. As pointed out by Ommen et al [2] , there are two major causes for the occurrence of stress in thin films: intrinsic stress due to the volume change during the silicidation reaction, and thermal stress due to the temperature change after the reaction. In general, thermal stress cr (A is uniform through the thickness and it can be calculated from [3] 
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where Μ f is the biaxial elastic modulus of the film, a f and a s are the thermal expansion coefficients of the film and the substrate, respectively. Recently, a new mechanism based on a revised Thomas-Fermi-Dirac (TFD) model has been proposed for the origin of intrinsic stress in thin solid films [4] , dealing with a two-dimensional rectangular bi-layer system. According to this model, intrinsic stress in films is induced by EDBA difference between the film and the substrate. The occurrence of intrinsic stress is a requirement of the continuity of EDBA at the interface. Here we consider a square system, which is more practical in MEMS structures.
Bi-layer EDBA difference model
ι ^ γ A free film-substrate system is referred to a rectangular coordinate system oriented as shown in Fig. 1 . The thicknesses of both the film and the substrate are much smaller than the lateral dimension I . Under the conditions stated, it follows that all shear components of stress and the normal stress in the Ζ direction can be neglected, and the normal components of stress in the X and Y directions must be equal. Thus,
(3a) and (3b) presume that the bi-layer is invariant under translation in either the X direction or the Y direction.
The volume strain The stress in the film due to EDBA difference is
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The intrinsic stress distribution given by Eq. (12) is shown in Fig. 2 
EDBA difference model for multi-layer case
The EDBA difference model gives the intrinsic stress distribution of film-substrate bi-layer system. As an extension of the model, a general tri-layer system is considered. In Fig. 3 , the subscripts 1, 2 and s denote film 1, film 2 and the substrate, respectively. First, the effect due to interface 2 is considered. Suppose If film 1 is etched as a sacrificed layer, film 2 will bend due to the intrinsic stress gradient. The curvature-radius of the bend can be calculated as Κ ρ AM.
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where M 2 is the biaxial elastic modulus of film 2.
The stress distribution due to the effect of interface 1 can be obtained by similar method.
The total intrinsic stress distribution of the tri-layer system should be the sum of the two stress distributions. Repeating the same methodology as above, results for structures containing more layers can be obtained. A computational procedure based on this model will be helpful because of the taxing calculation when the layer-number increasing.
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The thickness ratio (h f /h,) Fig. 4 . The relationship between the thickness ratio (dp/dn) f (h { h s ) and intrinsic stress.
[dp/dn) s The expression of intrinsic stress in thin films, shown as Eq. (12), suggests possibilities to control and reduce it. In MEMS materials selection, films with relatively low value of άρ/άη are welcome preventing high intrinsic stress. In geometry design, because the intrinsic stress is inversely proportional to the thickness ratio h f jh s , as shown in Fig. 4 , the reduction of film thickness will induce an increase in stress. When the thickness ratio exceeds a critical value, the high stress will cause the film to tear off. In fabrication process, techniques reducing the EDBA difference between the film and the substrate would be effective to diminish the intrinsic stress. Dose implantation has been taken to modify the EDBA of the substrate by Liu et al [4] , whose experiment resulted in considerable reduction of intrinsic stress.
Conclusions
The following conclusions can be drawn: • In thin films, the normal stress in the Ζ direction is much smaller than the lateral stresses. The lateral stresses have a linear distribution through the thickness.
•
The thickness ratio h f /h s is an important parameter in film design. When the ratio is lower than a critical value, stress will be high enough to tear the film off.
The magnitude of intrinsic stress is proportional to the difference in electron densities of the materials at interface and to the derivative of pressure with respect to the electron density. Hence the stability of the composite demands a small difference in the electron densities between the two layers at interface.
